Objective: In the hypothalamic arcuate nucleus (ARC), orexigenic agouti-related peptide (AgRP) neurons regulate feeding behavior and energy homeostasis, functions connected to bone metabolism. The 3-phosphoinositide-dependent protein kinase-1 (PDK1) serves as a major signaling molecule particularly for leptin and insulin in AgRP neurons. We asked whether PDK1 in AGRP neurons also contributes to bone metabolism. Methods: We generated AgRP neuron-specific PDK1 knockout (Agrp Pdk1 À/À ) mice and those with additional AgRP neuron-specific expression of transactivation-defective FoxO1 (Agrp Pdk1 À/À D256Foxo1). Bone metabolism in KO and WT mice was analyzed by quantitative computed tomography (QCT), bone histomorphometry, measurement of plasma biomarkers, and qPCR analysis of peptides.
INTRODUCTION
It has recently been recognized that obesity causes the complication of bone metabolism associated with metabolic syndrome [1] . It has been shown that bone metabolism is related to energy metabolism and regulated substantially by the central nervous system [2e5] . Agoutirelated protein (AgRP) neurons co-expressing neuropeptide Y (NPY) are localized specifically in the medial section of hypothalamic arcuate nucleus (ARC) and play an essential role in promoting food consumption and suppressing energy expenditure [6e11]. Recently, it was shown that the neural activity of AgRP neurons plays a role in bone metabolism [12] . Insulin acts on the ARC AgRP/NPY neurons via a signaling cascade that suppresses food consumption [13, 14] . Activation of insulin receptors, as well as insulin-like growth factor (IGF-1) receptors, phosphorylates the insulin receptor substrate (IRS) and activates phosphatidylinositol-3 kinase (PI3K) to generate phosphatidylinositol-3, 4, 5-trisphosphate (PIP3) and phosphatidylinositol-4, 5-bisphosphate (PIP2). PIP3 activates 3-phosphoinositide-dependent protein kinase 1 (PDK1), which, in turn, activates protein kinase B (PKB, also known as Akt) and members of the atypical PKC family. Subsequently, PKB targets the forkhead transcription factor, forkhead box O (FoxO) [15] . FoxO is defined by its N-terminal forkhead DNA binding domain and Cterminal trans-activation domain [15] . FoxO proteins are the most divergent subfamily of forkhead proteins, based on homologies within the DNA-binding domain. Invertebrates have a FoxO gene, Drosophila have dFOXO, Caenorhabditis elegans have DAF-16, and mammals have FoxO1 (FKHR), FoxO3 (FKHRL1), FoxO4 (AFX), and FoxO6 [15] . Among them, FoxO1 plays a pivotal role in mediating the effects of insulin and IGF1 on the expression of genes involved in cell growth, differentiation, metabolism, and longevity [16e20].
In response to insulin and IGF-1, FoxO1 is phosphorylated at three highly conserved phosphorylation sites (Thr24, Ser253 and Ser316) through the PI3K-dependent pathway, resulting in its nuclear exclusion and inhibition of target gene expression [16, 17] . Failure to phosphorylate of FoxO1 results in its permanent nuclear localization and constitutive transactivation of gene expression. We previously reported that the PDK1-FoxO1 pathway in AgRP neurons regulates food consumption and energy metabolism [21] . However, its relationship to bone metabolism remains unknown. It was reported that injection of AgRP targeting antisense Morpholino oligonucleotides acutely suppresses somatic growth in larval teleosts [22] and that hypothalamic NPY is implicated in bone metabolism in rodents [23] . The interaction between ARC AgRP/NPY neurons and GHRH neurons and periventricular nucleus somatostatin neurons via NPY Y1 and Y2 receptors has been reported [24] . Thus, AgRP/NPY neurons in the ARC might be involved in bone metabolism. This study aimed to explore the role of AgRP neurons, particularly PDK1 and FoxO1 in these neurons, in bone metabolism by analyzing AgRP neuron-specific PDK1 knockout mice (Agrp Pdk1 À/À ) and those with additional expression of transactivation-defective FoxO1 (Agrp Pdk1
À/À D256Foxo1) [21] .
SUBJECTS AND METHODS
2.1. AgRP neuron-specific PDK1 knockout mice (Agrp PDK1 flox/flox ) and D256FoxO1-transgenic and PDK1 knockout mice (Agrp
We generated AgRP neuron-specific PDK1 knockout mice [21] by mating AgRP-Cre-transgenic (Agrp Cre) mice [25] with PDK1
flox/flox mice with loxP sites flanking exons 3 and 4 [26] . AgRP neuron-specific D256FoxO1-transgenic mice were generated by mating R26
floxneoD256Foxo1 mice [27] with Agrp Cre mice. Moreover, D256FoxO1-transgenic and PDK1 knockout mice (Agrp PDK1 flox/flox D256Foxo1)
were generated by mating Agrp PDK1 flox/flox mice with AgRP neuronspecific D256FoxO1-transgenic mice as previously described [21] .
All mice were genotyped by polymerase chain reaction (PCR) amplification of genomic DNA isolated from tail tips. Mice were maintained under on 12 h light/dark cycle (7:30 lights on) and given standard food CE-2 (Japan SLC, Tokyo, Japan) and water ad libitum. For feeding experiment, mice were housed individually. All experimental protocols were approved by the Jichi Medical University Institute of Animal Care and Use Committee.
Measurement of naso-anal length and femur length
We used 6 and 15 week old female mice. Immediately after the animals were euthanized, left femurs were removed and dissected free of soft tissue. Naso-anal lengths and femur lengths were measured using a micrometer caliper. X-ray radiographs of total left femurs were taken by the X-ray system (LaTheta LCT-200S; Aloka, Tokyo, Japan). We defined the femur length as a longitudinal distance from tip of the great trochanter to the center of the femoral condyle.
Peripheral quantitative computed tomography (pQCT) analysis
Left femurs of 6 and 15 week old female mice were used for the pQCT analysis. We used pQCT with a fixed x-ray fan beam of 10-mm spot size, at 1 mA and 50 kVp (LaTheta LCT-200S; Aloka, Tokyo, Japan). About 300 slices (240 Â 240-pixel matrix per slice, 0.1 mm thickness, a voxel size of 48 Â 48 mm 2 ) covered the entire left femur and were recreated to the 3D CT picture of an axial view of the distal femur by using the VGStudio MAX1.2 software (Nihon Visual Science, Tokyo, Japan). To measure the bone mineral density (BMD) and strength of bones at the left femur from each mouse, the regions of interest (ROI) was defined as range from the tip of the great trochanteric part to the part of distal condyle. We measured cortical bone mineral density (BMD), cancellous BMD, total BMD, minimum moment of inertia of area, and polar moment of inertia of area.
Bone histomorphometry
For dynamic histomorphometric analysis of bone formation, all animals were labeled with calcein. At 1 and 6 days before euthanasia, calcein (Sigma, St Louis, MO, USA) was administered subcutaneously at a dose of 8 mg/g of BW. Right femurs of 6 week old female mice were stripped of all muscles and immediately fixed in 70% ethanol, embedded in methyl methacrylate without decalcification, and stained with Villanueva bone stain. Coronal sections of the distal portion of the femur were cut to respective thickness of 20 mm using a microgrinding machine (KG4000; Exakt-Apparatebau, Norderstedt, Germany). Histomorphometrical analysis was performed as in [28, 29] . Briefly, the region of the distal femur metaphysis 1e4 mm proximal to the growth plate metaphyseal junction was examined. All parameters were calculated according to the recommendations of the Histomorphometry Nomenclature Committee of the American Society of Bone and Mineral Research [30] . The width of epiphyseal growth plate was measured.
2.5. Measurement of plasma biomarkers for bone metabolism At 6 weeks of age, the blood was collected at 12:00 (noon). Bone Specific Alkaline Phosphatase (BAP) and tartrate-resistant acid phosphatase 5b (TRACP-5b) were measured using a specific enzyme immunoassay (CUSABIO BIOTECH, Ltd, Wuhan, China). The receptor activator of NF-kB ligand (RANKL) was measured using ELISA kit (R&D SYSTEMS, Minneapolis, MN, USA). Osteocalcin was measured using a MOUSE OSTEOCALCIN EIA KIT (Biomedical Tec Inc., Stoughton, MA, USA). Serum Ca level was measured using a calcium E-test WAKO (WAKO, Tokyo, Japan). b-estradiol (E2) was measured using an Estradiol EIA Kit (Cayman Chemical Co., Ann Arbor, MI, USA). IGF-1 was measured using an Assay Max Mouse IGF-1 ELISA Kit (ASSAY-PRO, St. Charles, MO, USA). Growth hormone (GH) was measured using a Rat/Mouse Growth Hormone ELISA kit (MILLIPORE, Billerica, MA, USA). Insulin was measured using a sensitive mouse insulin ELISA kit (Shibayagi, Gumma, Japan).
Immunohistochemistry
For immunohistochemical analyses, mice were perfused transcardially with heparinized saline (heparin 20 unit/ml), followed by 4% paraformaldehyde (PFA) in 0.1 M phosphate-buffered saline at pH 7.4 (PBS). The brains and pituitaries were dissected and immersed in 4% paraformaldehyde at 4 C overnight. They were embedded in paraffin, and coronal sections were cut into respective thicknesses of 5 mm using a microtome (Carl Zeiss Co., Ltd, Germany). After deparaffinization, the sections were washed in PBS and immersed in 0.3% H 2 O 2 / PBS for 10 min for endogenous peroxidase blocking. Then, blocking was performed in 1% bovine serum albumin for 30 min. For GH immunostaining in the pituitary, sections were first incubated with goat anti-rat GH antibody (dilution 1: 200) (R&D Systems, Minneapolis, MN, USA) for 3 h followed by incubation with biotinylated horse anti-goat IgG antibody (dilution 1: 800) (Vector, CA, USA) for 60 min. Sections were incubated in a DAB solution (Sigma, St. Louis, MO, USA) for 5 min to develop the color reaction. Observation was performed with an AX80TR light microscope (Olympus, Tokyo, Japan). For growth hormone-releasing hormone (GHRH) staining in hypothalamus, sections were incubated first with rabbit anti-GHRH antibody (ab187512, dilution 1:200) (Abcam, Cambridge, UK) and subsequently with Alexa fluor 488 goat anti-rabbit (Life Technologies, Carlsbad, CA; 1:1000).
The confocal fluorescence images for GHRH were acquired using Olympus FV1000 confocal laser-scanning microscope (Olympus, Tokyo, Japan). The fluorescence intensity of GHRH in median eminence was quantified by ImageJ (NIH).
2.7. Real-time RT-PCR analysis Transverse brain slices were prepared from 6 week old mice. A 1 mm coronal brain slice containing arcuate, orientated by median eminence and optic chiasm, was prepared using a Precision Brain Slicer (Braintree Scientific, Inc). A block of tissue containing both sides of arcuate was dissected from the slice with a scalpel under stereoscopic microscope (SMZ645, Nikon, Japan). Total RNA was isolated from the hypothalamus and pituitary using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and was treated with RQ1-DNase (Promega, Madison, WI, USA) to remove residual DNA contamination. First-strand cDNA synthesis was performed using ReverTra Ace (TOYOBO Co, Japan). After conversion to cDNA, real-time RT-PCR was performed with SYBR premix Ex taq II polymerase (Takara Bio, Tokyo, Japan) (95 C for 5 s and 60 C for 30 s Â 40 cycles) in Thermal Cycler Dice Real Time System TP800 2.10B (Takara Bio). Product accumulation was measured in real time, and the mean cycle threshold (Ct; the cycle during which product is first detected) was determined for replicate samples run on the same plate. The comparative method of relative quantification was used to calculate the expression level of GH and GHRH genes, normalized to housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Expression levels of mRNAs were calculated by the 2DDCT method of relative quantification, and normalized to housekeeping gene products GAPDH. 2.9. Western blot analysis At 6 weeks of age, the pituitary gland and median eminence were removed from mice after transcardial perfusion with heparinized saline (heparin 20 unit/ml). The tissues were lysed in 40 ml lysis buffer [100 mM NaCl, 0.5% NP40, 1 mM EDTA, 10 mM TriseHCl (pH 7.5), 0.5 U aprotinin, and 1 mM PMSF]. NP-40 lysates were centrifuged at 12,000 g for 10 min at 4 C. The supernatants were eluted in Laemmli's SDSePAGE sample buffer containing 1% SDS and 5% 2-mercaptoethanol. The 1 mg proteins were subjected to 15% SDSe PAGE and transferred to nitrocellulose filters. Growth hormone (R&D, 1:5000) was detected with the polyclonal antibody. Immunoreactive proteins were detected with HRP-conjugated secondary antibody and the ECL system (Amersham Corp., Arlington Heights, IL). After striping, membrane was hybridized with anti-rat syntaxin1 antibody (Carbiochem, San Diego, CA 1:2000). Immunoreactive signal was quantified by FAS-1000 (Fujifilm, Japan), and signal levels of GH were normalized to syntaxin 1.
2.10. Urine collections At 6 weeks of age, urine samples were collected during a 24 h period with the mouse metabolic cage CM-10S (CLEA Japan Co. Ltd., Tokyo, Japan). Urinary norepinephrine concentration was determined with high performance liquid chromatography (SRL).
Statistical analysis
Data are expressed as means AE s.e.m. Data were analyzed for statistical significance by two-tailed unpaired Student's t test for two groups and one-way ANOVA followed by a Bonferroni's multiple comparison test for multiple groups. P < 0.05 was considered significant.
RESULTS

Agrp Pdk1
À/À mice show short stature, short femur length, reduced bone mass, and impaired bone strength Naso-anal lengths were significantly shorter in female Agrp Pdk1
À/À mice aged 6 and 15 weeks compared to Agrp Cre mice ( Figure 1A ). Naso-anal lengths were also shorter in male Agrp Pdk1 À/À mice to a lesser extent ( Figure 1B (Figure 2A,B) . The width of bone trabeculae, osteoblast surface, osteoid surface, and osteoid area decreased in Agrp Pdk1
À/À mice ( Figure 2C ). Regarding the bone resorption parameters, the number of osteoclasts and the osteoclastic surface tended to increase though these changes were not statistically significant, and the bone resorption surface significantly increased, compared with Agrp Cre mice ( Figure 2D ). Furthermore, Calcein double labeling showed that the width between the two stained labels was narrower in Agrp Pdk1 which was also consistent with the histomorphometric data showing enhanced bone resorption ( Figure 2D ). Plasma concentration of osteocalcin, a marker of bone mineralization, also decreased significantly ( Figure 3D) , consistent with the histomorphometric data showing reduced bone formation ( Figure 2B , C and F).
À/À mice show impaired GH-IGF-1 signaling Plasma factors that influence bone metabolism were measured next. Plasma Ca 2þ , estradiol, and insulin concentrations were not different between female Agrp Pdk1 À/À and Agrp Cre mice at 6 weeks of age ( Figure 4A , B and C). In contrast, plasma IGF-1 and GH concentrations decreased significantly in female Agrp Pdk1 À/À mice ( Figure 4D , E). In male Agrp Pdk1 À/À mice, plasma GH also decreased, but to a lesser extent ( Figure 4F ). Based on these results, we investigated protein and mRNA expression for GH in the pituitary and for and its upstream stimulator GHRH in the pituitary and hypothalamus, respectively.
Immunohistochemical analysis showed that the ratio of the number of GH-immunoreactive cells over total cells in unit area of the anterior pituitary was not altered in 6 week old female Agrp Pdk1 À/À mice ( Figure 5A, B) . By contrast, mRNA and protein expression of GH in the pituitary markedly decreased in Agrp Pdk1 À/À mice ( Figure 5C, D) .
Furthermore, the GHRH-immunoreactivity in the area of ARC and median eminence decreased ( Figure 6A, B) , and GHRH mRNA expression in the ARC also decreased significantly in Agrp Pdk1
À/À mice compared to Agrp Cre mice ( Figure 6C ). À/À D256Foxo1 mice, serum GH concentration was significantly increased to a level that was to that in Agrp Cre mice ( Figure 7J ). Furthermore, daily urinary excretion of norepinephrine also increased in Agrp Pdk1 À/À mice ( Figure 7K ). However, the increase in norepinephrine excretion was not attenuated by D256Foxo1 expression ( Figure 7K ).
DISCUSSION
This study, for the first time, revealed that Agrp Pdk1 À/À mice exhibit short stature, shortened limbs, and decreased bone density in both cortical and cancellous bones. The results indicate that PDK1 activity in ARC AgRP neurons plays a pivotal role in regulating bone metabolism. In Agrp Pdk1 À/À mice, the GHRH-GH-IGF1 axis was markedly downregulated, which could serve as the mechanism underlying these changes of bone metabolism. Moreover, these bone metabolism disorders due to Agrp Pdk1 À/À were rescued by additional expression of dominant negative FoxO1 in AgRP neurons. Shortened femoral length and decreased bone quantity were corrected, together with significant recovery of serum GH concentration. These results indicate that PDK1 regulates FoxO1 in AgRP neurons, and this neuronal signaling is linked to regulation of bone metabolism. The main factors that influence the growth of long bones and bone remodeling are the mechanical stress from the burden of body weight and nutrition [31, 32] . We previously reported that female Agrp Pdk1
À/ À mice, as were used in this study, showed decreases in body weight at 8 weeks of age and older [21] . However, in the present study using 6 week old female mice, no difference was observed in body weight and food consumption between Agrp Pdk1 À/À mice, Agrp Pdk1 À/À D256Foxo1 mice, and Agrp Cre mice. It was also reported that the locomotor activity was similar between Agrp Pdk1 À/À mice and Agrp Cre mice [21] . Accordingly, the influence of altered mechanical stress could be excluded. Length from head to tail and femoral length were found to be significantly shorter in Agrp Pdk1 À/À mice than Agrp Cre mice at 6 and 15 weeks of age. These phenotypes coincided with decreased plasma GH and IGF-1 levels and reduced GH mRNA expression in the pituitary. The results suggest that the bone abnormality in Agrp Pdk1 À/À mice is caused by down regulation of the GH-IGF-1 system. This notion fits with the current view that the reduction in GH and IGF-1 from birth to adolescence impairs the ability of chondrocytes to ossify the epiphyseal plate, leading to reduced endochondral ossification and shortened limbs and trunk [33e36]. Furthermore, we found decreased mRNA expression of GHRH in the ARC of the Agrp Pdk1 À/À mice, which may be responsible for the downregulation of the GH-IGF-1 axis. Hence, our results indicate that decreased activity of the GHRH-GH-IGF-1 axis serves as a primary cause for shortened limbs and delayed endochondral ossification in Agrp Pdk1 À/À mice.
A link between AgRP neurons and the GHRH-GH-IGF-1 axis has also been found in larval teleosts. AgRP-immunoreactive nerve fibers directly project to the pituitary and coordinately regulate multiple endocrine axis including GH-IGF-1 axis, and the injection of AgRPtargeting antisense Morpholino oligonucleotides acutely suppresses somatic growth and GH expression in pituitary in larval teleosts [22] . The central melanocortin system (AgRP/aMSH-MC4) coordinately regulates growth in teleosts. Alternatively, NPY, the counterpart of AgRP in ARC neurons, could also be implicated in bone metabolism based on the following reports. Sitespecific overexpression of NPY in the hypothalamus markedly reduces the capacity of osteoblasts to produce bone in mice [23] . The NPY Y2 receptor in hypothalamic neurons influences bone homeostasis [37] . GHRH neurons express the NPY Y2 receptor and are directly regulated by NPY [38] . NPY-immunoreactive fibers frequently form well-defined fiber baskets around GHRH neurons [39] . Moreover, fasting-induced suppression of GHRH expression was blunted in the NPYe/e mouse, indicating that NPY is essential for the fasting-related regulation of GHRH [40] . Taken together, NPY in AgRP neurons may play a role in regulating bone metabolism. However, the mechanism that couples AgRP/NPY neurons to GHRH-GH system remains to be further elucidated.
In this study, short stature and lower plasma GH level in Agrp Pdk1
À/À mice were more conspicuous in females than in males. The development of GHRH neurons depends on the sex and age [41] . Indeed, it was reported that the number of GHRH neurons is stabilized at 3 weeks of age in males, but still continue to increase in females [42] . Moreover, GHRH-stimulated GH secretion takes place in obese female but not male rats [43] . Furthermore, androgens stimulate bone remodeling in male mice during puberty [44] . These reports suggest the sexdependent development of GHRH-GH-IGF-1 axis, which could be related to the remarkably short stature in female Agrp Pdk1 À/À mice.
The role of insulin as an anabolic agent has been established. The growth of mice lacking insulin receptor substrate-1 (IRS-1) was retarded after 15.5 embryonic days [45] . IRS-1À/À mice also exhibited low BMD with growth retardation [46] . Osteoblasts express functional insulin receptors, and mice lacking the insulin receptor in osteoblasts had reduced trabecular bone because of severely reduced number of osteoblasts, while showing normal longitudinal growth [47] . These reports suggest that insulin-IRS-1 signaling regulates the longitudinal growth by acting on cells other than osteoblasts. In IRS2 knockout mice, the compensatory increase of IRS1 in AgRP neurons led to less translocation of FOXO1 to the nucleus, thereby preventing hyperphagia and protecting from impaired glucose tolerance [48] .
There is a possibility that insulin-IRS-1-FoxO1 signaling in AgRP neurons might regulate bone growth. The PDK1/FoxO1 pathway reportedly regulates food consumption and energy metabolism [18,49e51] . In AgRP neurons, activation of PDK1 suppresses FoxO1 to regulate energy homeostasis [21] . In the present study, we found that the inactivation of FoxO1 achieved in Agrp Pdk1
À/À D256Foxo1 mice rescued the impaired bone metabolism in Agrp Pdk1 À/À mice, including short stature, shortened limbs, bone loss, and reduced plasma GH level. In addition, it was reported that the quantity of skeletal muscle was higher in 15 week old male Agrp Pdk1
À/À mice [21] . Taken together, our results and those of others suggest that PDK1 to FoxO1 signaling in AgRP neurons serves to maintain the GHRH-GH-IGF1 axis and thereby promote the formation of both bone and skeletal muscle, a mechanism that supports locomotive activity. The present study has revealed a novel role of PDK1-FoxO1 signaling in AgRP neurons in regulating growth and locomotor functions, in addition to previously reported roles in regulating food consumption and energy metabolism. From nematodes to mammals, FoxO1 (DAF-16 in nematodes) is an important signaling molecule downstream of insulin/IGF-1 in various types of cells and is thought to be involved in the regulation of bone growth and lifespan [15] . The present study provided data to support that the activation of FoxO1 in AgRP neurons inhibits the GHRH-GH-IGF-1 axis. This finding suggests that the IGF-1/insulin-PDK1 cascade suppresses FoxO1 in AgRP neurons and consequently stimulates GHRH-GH-IGF-1 axis, forming a positive feedback loop for IGF-1 release. This mechanism could be implicated in the circadian pattern and surge of GH and IGF-1 release, which promotes growth during critical life periods. This study is the first demonstration, to the best of our knowledge, that FoxO1 in the central nervous system regulates the bone metabolism, though involvement of the osteoblast FoxO1 in bone quantity was previously reported [52, 53] . The sympathetic nervous system is an important mediator of the brain control of bone metabolism [4, 54] . Recently, Kim et al. reported that Sirt1 in AgRP neurons regulates bone mass via sympathetic nervous system [12] . In our study, urinary excretion of norepinephrine, which reflects sympathetic nervous system activity, was correlated with the bone phenotypes in Agrp Pdk1 À/À mice. On the other hand, dominant negative FoxO1 attenuated the bone abnormality and GH-IGF-1 reduction witshout altering the urinary excretion of norepinephrine. These results suggest that the activation of the sympathetic nervous system does not serve as the major mediator for the impaired bone formation in Agrp Pdk1 À/À mice, though it might be related to the overall regulation of bone metabolism. Instead, hypofunction of the GH-IGF-1 axis appears to be essential for the pathogenesis of growth retardation in Agrp Pdk1 À/À mice. FoxO1 and Sirt1 in the hypothalamus reciprocally regulate the energy metabolism [55] . As the signaling molecule in AgRP neurons, Sirt1 is linked to stimulation, while FoxO1 is linked to inhibition, of bone formation. This study provided evidence to support that the PDK1-FoxO1 signaling functions downstream of the PI3K/Akt pathway in ARC AgRP neurons and regulates bone metabolism. Together with the consensus that PI3K/Akt/PDK1/FoxO1 in ARC AgRP neurons is the major route through which insulin regulate feeding and energy metabolism, the PDK1-FoxO1 pathway in ARC AgRP neurons may provide a novel molecular target for treating osteoporosis, obesity and locomotive-metabolic syndrome.
